W
ill a day come when every species on Earth is described and categorized-with illustrations of type specimens and information on ecology, habitat, and other essential data, perhaps including genome sequences-all maintained in computerized files available worldwide for scientists to use and study? Famed myrmecologist and Harvard University professor E. O. Wilson described this post-space-age vision at a meeting hosted by the American Museum of Natural History (AMNH) in New York, entitled "Assembling the Tree of Life: Science, Relevance, and Challenges," held 30 May-1 June 2002. Assembling the Tree of Life (ATOL) is a National Science Foundation-sponsored initiative that will provide large grants to multidisciplinary groups studying different facets of organismal relationships.
In modern cladistics, which looks at characteristics that have evolved in and distinguish a single taxonomic group, organisms and their relationships can be pictured in terms of trees. A clade makes up a branch of a tree. Those taxa most closely related are close together on a branch. Those most distantly related are on distant branches. In his presentation at the New York meeting, Joel Cracraft, curator of ornithology at AMNH and one of the people involved in the ATOL effort from its inception, showed phylogenetic trees in a historical context. He explained that in the late 1960s, there was an explosion in "tree building" within phylogenetic analyses. But the ability to use molecular biology and information technology tools, Michael Donoghue said in his presentation, has led, within the last decade, to a change in our views of organisms. Donoghue is director of the Peabody Museum of Natural History at Yale University, which was a cosponsor of the AMNH program.
Terry Yates, vice provost for research at the University of New Mexico, who says he conceived of ATOL while acting as a program officer at NSF, was influenced by this change. "We now, for the first time, have the technology in terms of information technology and genomics that make it possible...to attempt assembly...of the universal tree of life from microbes to mammals," he says. Pointing out the grandiosity and potential impact of such a project, Yates boasts, "An assembled tree of life would do for biology what the periodic table did for physics and chemistry."
Defining the ATOL program
The ATOL initiative is possibly one of the grandest projects of modern biology. It is projected to take at least two decades and will require the expertise of hundreds of scientists working in fields as diverse as systematics and phylogenetics, molecular biology, information technology, and computer and software engineering. It will require massive collaborations, which will be brought about through Tree of Life Networks (TOLNets), which concentrate on a specific empirical or theoretical problem. The networks, which may be put together to study specific taxa, create methods for research, or assemble databases, will be the basic unit for interaction among the scientists, who come from various organizations and possess diverse skills.
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Feature
By the end of the third meeting, TOLCenters had morphed into TOLHubs, which "represent institutions with a special concentration of, and commitment to, ATOL activities," according to the final TOL workshop report. A coordinating group or facility, the Phyloinformatics and Coordination Infrastructure (PICI), was added to support and manage shared databases.
Once the structure was determined, the proposal solicitation began. Not only will ATOL fund research in the United States, but in September 2002, scientists involved with the initiative were to meet with representatives from the European Community. "EC wants to provide assistance for this," says Yates, who compares ATOL to the human genome project or the mission to land a human on the moon.
NSF's approach for ATOL is to fund large, multi-investigator, multi-institutional projects. Lipscomb gave as a hypothetical ATOL project one that considers broad questions that require a community of scientists to carry out: How are the major groups of mammals related to each other? Are carnivores related to rodents or are they related to hoofed animals? Individual species-level research, she notes, may not fit into the NSF's ATOL proposals, but such work may be funded through the agency's Systematic Biology Division, although research dollars for taxonomy and related fields are still relatively scarce. ATOL grants will be in the $2.5 million to $3 million range, as opposed to regular NSF awards, which usually are between $250,000 and $300,000, Lipscomb says.
Studying organisms under the ATOL initiative requires a background in systematics, or at least someone on the team who is a systematist. In his remarks at the AMNH meeting, Wilson pointed out that although there are about as many taxonomists today as there were several years ago, the total percentage of scientists who are taxonomists decreased as a fraction of total US scientists."We hear all the time about taxonomists being endangered species,"Yates says."I think this effort may give rise to a whole new breed of taxonomists." "One of the greatest challenges we face in assembling the tree of life is assembling the talent," Rita Colwell said in her ATOL talk. She added,"Systematists are as scarce as hen's teeth these days."
The ATOL program takes that into consideration. "We expect [ATOL grantees] to be training graduate students and post-docs, for example," Lipscomb says. "There are a lot of people...who had proposed that they would do exhibits at museums, or [include] K through 12 teachers." Furthermore, since 1996, NSF has been funding the training of taxonomists through its Partnerships in Enhancing Expertise in Taxonomy (PEET) program. Lipscomb notes,"People who are systematists are also doing the molecular biology itself."
But, as the meeting in New York shows, even absent specific NSF funding for ATOL, researchers have been engaged in work that encompasses ATOL goals. They have been building phylogenetic trees and asking serious questions about the organisms they study. Among them are John Taylor, of the University of California-Berkeley, who explained in his presentation that fungal tree of life projects not only produce phylogenetic trees but Such comparisons not only allow proper placement of the fungus within the tree of life but also help determine which genes are common to many taxa and which are unique to a specific taxon. Another presenter actively engaged in tree building is AMNH entomologist Ward Wheeler, who noted that recent studies on arthropod systematics show that previous classifications were "invariably wrong." And in his presentation, Timothy Rowe, of the University of Texas-Austin, said that by identifying the genes that regulate the sense of smell in vertebrates and mapping of odor sensors through computerized tomography scans, it is possible to understand the morphology and genetics of smell in these organisms. Bernard Wood, of George Washington University, in Washington, DC, explained how DNA sequencing studies show that the family Hominidae should include humans and chimpanzees and give a hint of when the two species diverged-about 5 million to 7 million years ago. He remarked that from the evidence, our nearest relative is Pan (the chimpanzee), followed by Gorilla and then orangutans.
Yates's work illustrates the immediate application of ATOL information to human health. Yates studies the relationship between viruses and their murine hosts. At the ATOL meeting, he discussed the problem of understanding why the hantavirus carried by the deer mouse, Peromyscus maniculatus, was suddenly found to cause hantavirus pulmonary syndrome, which has a mortality rate greater than 50 percent. By studying preserved specimens of the mice, Yates showed that the virus had been present in the species at least since 1993. Phylogenetic analyses of both the mice and the virus showed that the hantavirus evolved with the rodent species. Yates also found that the phylogenetic tree of the virus was almost the same as that of the rodents.
More recently, he and his colleagues studied the organism that causes Bolivian hemorrhagic fever: Machupo virus, an arenavirus. Arenaviruses may cause hemorrhagic fevers in humans, and tend to be carried by rodent hosts. Although the viral reservoir is the wild mouse, Calomys callosus, which is found east of the Andes in Bolivia, parts of Brazil, the northern two-thirds of Paraguay, and a small corner in northern Argentina, so far only people in a small area of northern Bolivia have been infected. Yates and his colleagues found that the evolutionary lineage of the mice living in the area of human infection and carrying Machupo virus is different from that of the mice elsewhere in the range. But, Yates reported at the ATOL meeting, as logging in the Amazonian forest continues, stressing the mice and their habitat, these mice-along with the virus-are moving eastward.
Other reports at the meeting were more theoretical. Studying clades is very important, said Sean Carroll, of the University of Wisconsin-Madison. He explained that genes in clades are of immediate use in determining an organism's position on the tree of life. If genes are shared among members of a clade, it may be possible to infer the genomic content of the common ancestors. If genes are found in some clades and not others, it implies that, during evolution, there were episodes of expansion or loss in the species. Furthermore, Carroll said, the existence of similarly functioning (orthologous) genes may aid researchers in learning more about the phylogenetic development and morphology of the species' ancestors.
Can you time evolution?
As is typical in systematics, there are both questions and disagreements on interpretation of information. Norman Pace, of the University of Colorado-Boulder, pointed out in his talk that sequences are useful for determining relationships, but not for determining when a particular form evolved. Although other presenters at the meeting disagreed, Pace warned that he would question dating of age by use of sequence data."You cannot date age by sequence change unless you have rocks," he said. "Sequence change shows adaptability." "Different lines of descent have evolved at different rates, which confuses treebuilding algorithms," Pace wrote for the meeting proceedings (to be published soon by Oxford University Press). He further noted that the tree of life as we know it is incomplete. The most abundant organisms on Earth are microbes, and our knowledge of microbial diversity is limited because we cannot culture about 99 percent of all existing microbes; the only way we can discover their existence is through scanning environmental samples for genes.
Pace's method for scanning microbial diversity-also used by Carl Woese, whose reorganization of the phylogenetic tree into three domains, Archaea, Bacteria, and Eucarya, still remains controversial in some quarters-is scanning environmental samples by cloning and sequencing genes found in the samples. This way, an organism that cannot be cloned can be identified by its telltale nucleic acid signs.
The species problem
Given the broad scope of the work already under way without support from a specific ATOL program, there are bound to be areas of question and dispute. For example, in an interview, Pace questions the use of the term species. He notes that the classic, Linnaean species is "a structured form. The reality of biology is messier." NSF's Lipscomb sees the species problem as one that affects those who, like Pace, study prokaryotes. "I think that with the systematics of prokaryotes, this is probably more a real question they're wrestling with, because they don't have a view of species," she says. But for studying ATOL, "there are lots of problems that we have that you are going to need a species view of."
Whether all living organisms will be described or whether diversity will be quickly assessed through creation of ribosomal RNA gene libraries-as Pace does, in screening environmental microbes-may be an academic quibble among experts; NSF is the ultimate arbiter of the funds for ATOL projects. NSF is expected to announce its funding decisions on its first ATOL projects soon.
"I think that most biologists that are interested in the tree of life recognize that the main reason...we want the tree of life [is that] it explains why organisms are similar and why organisms are related," Lipscomb explains."The tree of life is an information framework for biological diversity."
The question, however, is how deeply should researchers probe relationships between known organisms. Wilson foresees an encyclopedic approach encompassing all known organisms. In his speech at the New York meeting, he promoted "a complete account of Earth's biodiversity, pole to pole, bacteria to whales, at every level of organization from genome to ecosystem, yielding as complete as possible a cause-and-effect explanation of the biosphere, and a correct and verifiable family tree for all the millions of species-in short, a unified biology." Wilson gave an example of the use of these data in a universally accessible database: He described an arachnologist pulling up online taxonomic keys; scouring online monographs, illustrations, distribution maps, and natural history records; and comparing these data with the specimen he just collected in the field. The researcher could then enter the data from his specimen into the online database.
Wilson has support for a comprehensive database. Two members of the Social Insects Specialist Group, an advisory body of the World Conservation Union, recently complained, "Much of this information is not generally available, either because of proprietary restrictions or because of lack of coherent organization or management." They advocate creation of a free, Web-based "Biodiversity Commons" database (see Donat Agosti and Tom Moritz, "Toward the Biodiversity Commons," Species 37: 9).
Pace, however, sees a difference between ATOL and Wilson's vision. "Generating a map of the tree of life is not the same as trying to make a catalog of life," he says. "I think the concept of trying to identify all the species is not a welldefined project."
ATOL-like projects
Yet whether or not researchers agree on what should or should not be studied, ATOL-like projects have taken on lives of their own. For example, in September 2000, NSF organized a workshop called "Evolution of Development Meets Tree of Life." Researchers who study evolution and development-evo-devo, for shortare interested in genes that direct development and how these are related to the tree of life. Workshop participants suggested that having information on 100 key taxa representing the major "trunks" of the tree of life would be essential to answer important questions about the evo- Even the US Department of Energy has jumped on the tree of life bandwagon with its "Genomes to Life" (GTL) program, the stated goal of which is "a fundamental, comprehensive, and systematic understanding of life" (see the Web site http://doegenomestolife.org). The department, which announced grants in support of GTL in July 2002, views the program as an outgrowth of the Human Genome Project, with the goal of using sequences from microbes and higher organisms to study "the essential processes of living systems."
These programs are not aimed at solving tree of life problems solely because the technology is available and the research can be done; there are practical applications, as Yates's work on hantavirus and Machupo virus illustrates. Yates says, "I think the users [of the tree of life] will be everything from medicine, to agriculture, to economics." He noted in his ATOL talk that identifying desiccationtolerant genes would aid agriculture, and learning why some trees are parasitized by insects while others are not would aid environmental studies. And ATOL information about the mosquito or avian species that harbor the West Nile virus can be put to immediate use in protecting public health.
"Nature has basically provided us with billions of years of free R&D," Yates said at the meeting. "Every one of these organisms is carrying a software package that has been tested and is functional." The goal now is to decode the software.
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